Abstract Imaging modalities for the diagnosis of osteonecrosis (ON) of the femoral head have been studied extensively, but there have been few reports strictly addressing radiographic evaluation. The purpose of this report is to examine the use and role of (1) plain radiographs, (2) magnetic resonance imaging (MRI), (3) computerized tomography (CT), (4) bone scanning, and (5) positron emission topography (PET) for the diagnostic evaluation of ON. Plain radiographs are a mainstay in diagnosis but have very low sensitivity for early ON. MRI is the gold standard for diagnostic evaluation but may not identify subchondral fractures on collapse as well as CT scan or tomogram. Bone scanning should not be used for diagnosis due to its low sensitivity. PET scanning does not have a definitive role in diagnosis yet. Future research should focus on the role of new imaging technologies in evaluation.
Introduction
Detecting osteonecrosis (ON) is often challenging for clinicians and surgeons, which is why many imaging modalities are used to aid in diagnosis. Additionally, obtaining appropriate imaging is critical to correctly stage the disease [1, 2] . Plain radiographs are commonly obtained, but magnetic resonance imaging (MRI) is now considered the gold standard of diagnosis as it is highly specific (>99 %) and sensitive for the earliest stages of ON [3, 4••, 5] . Many recent studies have attempted to provide an improvement on the diagnostic abilities of plain radiographs and MRI with an emphasis on prognosis [6] [7] [8] [9] [10] . In addition, more recent literature has attempted to incorporate alternative imaging technologies that may improve upon the diagnostic evaluation of ON [6] .
Imaging modalities for the diagnosis of ON have been previously studied individually [4••, 5, 11-14] . However, to our knowledge, there has not been a detailed literature review focusing extensively and specifically on the role of different imaging modalities in the diagnosis of ON. Therefore, the purpose of this review was to examine the use and role of (1) plain radiography, (2) MRI, (3) tomography, (4) bone scanning, and (5) positron emission tomography (PET) for the diagnostic evaluation of osteonecrosis of the femoral head. Our secondary purpose was to describe the common findings of ON associated with each imaging modality and how these findings may predict patient outcomes with the goal of assisting the practitioner with prognosis and treatment.
using two different angles. The angles were calculated by drawing two lines from the center to the periphery of the femoral head containing the area of osteonecrosis on both the AP and lateral radiographs. These angles were then added together and if the sum of the angles was >200o, it was considered large. Although this has been primarily used with plain films, this technique has been applied to more advanced technologies such as MRI [16] .
When examining plain films, lesions may be classified as either sclerotic or cystic. This distinction may be critical to determining the risk of lesion progression. Takao et al. [17] followed a cohort of patients in pre-collapse or early postcollapse stages of the disease (n=33 hips). After a mean follow-up of 14 years (range 10 to 23.4 years), they found an increase in sclerosis around the lesion was seen in the majority of hips that did not progress to collapse (n=14 out of 17 hips). Hence, the authors concluded that sclerosis may be a positive prognostic sign. Furthermore, cystic lesions have been studied for a potential increased risk of failure of total hip resurfacings [18, 19] . Therefore, sclerotic lesions may indicate a better prognosis than their cystic counterparts.
Despite the fact that plain radiographs are routinely ordered when assessing patients who may have ON, they cannot be solely relied upon for multiple reasons. The first classification system of ON based on plain radiographs acknowledged that many small areas of osteonecrosis are not found using this modality [6] . Multiple studies and reviews have confirmed that plain radiographs are highly specific for advanced disease but exhibit very low sensitivity for the earliest stages of the disease [12, 14] . This is critical because early diagnosis and treatment is associated with a more favorable prognosis, while more advanced stages require aggressive management such as total hip arthroplasty [14, [20] [21] [22] .
Although plain radiographs are a mainstay in diagnosis, it may be difficult to distinguish between ON and rapid onset osteoarthritis of the hip (ROOH) [4••, 7] . A recent literature review performed by Pivec et al. [4••] (Table 1) . In attempt to further distinguish between these different diagnoses, Nelson et al. [7] assessed whether the use of different imaging measures on plain radiograph could assist in distinguishing between these two diagnoses (n=18 ON and 18 ROOH patients, respectively). They found that the Tonnis angle (p<0.001) and the acetabular extrusion index (p=0.044) were smaller in the ON cohort compared to the ROOH cohort. The authors concluded that using these different radiographic measures may reduce the misdiagnosis of these two conditions.
In summary, obtaining plain radiographs is fundamental in the work-up and follow-up of patients presenting with symptoms suspicious for ON. If femoral head collapse, acetabular changes, or advanced degeneration are apparent on X-ray, no further imaging is required (Fig. 2) . However, they may not be as accurate as more recent technologies in identifying asymptomatic lesions. As such, more advanced imaging technologies may be required in the diagnostic evaluation of ON.
Magnetic resonance imaging
Magnetic resonance imaging (MRI) is the gold standard for detecting the earliest stages of ON, due to multiple studies displaying >99 % specificity and sensitivity (Table 2 ) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . A band-like lesion showing a low intensity signal on T1-weighted images is usually pathognomonic for this disease [3, 6, 14, 24, 28, 33] . In addition to the pathognomonic band-like lesion, bone marrow edema has been discussed as a potential early finding indicative of ischemia. Ragab et al. [34] evaluated a group of patients who had an MRI after presenting with hip pain, 29 % of whom were diagnosed with ON (n=10 hips). Of the ON patients, all had bone marrow edema identified on their MRI. Additionally, bone marrow edema has been reported to correlate with symptomatic ON. Koo et al. [35] conducted a study on 37 hips, of which 14 were symptomatic, to determine whether bone marrow edema on MRI had any association with pain in the earliest stages of the disease process. Of the symptomatic hips, 7 showed marrow edema, with 6 of the 7 complaining of moderate to severe pain. The authors found that when the marrow edema resolved, it usually accompanied the resolution of the pain. Similarly, Huang et al. [36] evaluated the association of bone marrow edema with pain (n=110 total hips with 31 asymptomatic hips). They found a strong correlation between bone marrow edema and the presentation of hip pain (p<0.0001), with those with edema being nearly 25 times more likely to complain of pain than those without edema. Although each of these studies found an association between bone marrow edema and ON, each of these authors clearly states that bone marrow edema is not pathognomonic for ON.
In conjunction with bone marrow edema, approximately 50 % of patients with ON will have a joint effusion visualized on MRI [37, 38] . In the previously mentioned study performed by Huang et al. [36] (n=110 hips), about 90 % of their patients with ON also had joint effusions. Specifically, they noted that Steinberg stage III ON or higher was associated with the presence of a joint effusion (p<0.003). Moreover, joint effusions may assist in staging the disease. Liu et al. [39••] evaluated the relationship between hip joint effusion volume and staging using the Association Research Circulation Osseous (ARCO) classification scheme (n=185 hips). They found that there was a significant difference in effusion volume between ON stages I and III (p<0.01). However, the effusion volume was comparable between stages I and II as well as within sub-stages (A, B, and C) (p>0.05). Magnetic resonance imaging is typically not used to follow lesions once the femoral head has collapsed [12] ; however, it has been used to follow the progression of small asymptomatic lesions. Zhao et al. [40] evaluated the changes of lesion size within a cohort of pre-collapse ON (ARCO I and II) patients caused by corticosteroid administration (n= 84 hips). After a 5-year follow-up, 80 hips (95 %) experienced a decrease in lesion size. Therefore, the authors concluded that MRI may be helpful in following small asymptomatic lesions, but they did not recommend that it should be used in routine follow-up.
Despite MRI being widely accepted as paramount for diagnosis of ON, it is not infallible. In the more advanced stages of osteonecrosis (Steinberg III or IV), MRI may not be sensitive or specific for diagnosing subchondral fractures. Yeh et al. [41] and Stevens et al. [42] performed studies that demonstrated that computerized tomography (CT) was more sensitive and specific for identifying subchondral fractures than MRI in separate studies. These will be discussed in detail in the CT section of this report.
In an attempt to improve upon the sensitivity and specificity of MRI when diagnosing and staging ON, researchers have explored the use of different technologies such as diffuse weight imaging (DWI) [10] and magnetic resonance spectroscopy (MRS) [8] . Oner et al. [10] evaluated the use of DWI in conjunction with conventional MRI in a cohort of patients with ON (n=35 femoral heads). However, they found that DWI did not aid in distinguishing between the various stages of ON. As such, the authors concluded that DWI has limited value in assessing patients with ON of the femoral head. Similarly, Hou et al. [8] evaluated patients with ON in a matched control trial using MRI and MRS (n=110 patients total). The authors found that the measured lipid and water content differed significantly on MRS between those with ON and the control cohort (p<0.001 and 0.05, respectively). Thus, they concluded that using MRS may be beneficial when predicting ON in the earliest stages of its development.
In summary, MRI remains the gold standard of diagnosis and staging and should be obtained in the event that plain radiographs do not definitively identify a lesion (Fig. 2) . It may not be as effective in identifying subchondral fractures as tomography or CT scanning. Furthermore, it has yet to be shown as an effective tool for following the routine progression of disease aside from small asymptomatic lesions. Therefore, although its diagnostic utility cannot be improved upon, its role in identifying subchondral fractures and following the course of the disease is not always optimal. Future improvements in MRI technology may improve further upon its prognostic sensitivity.
CT axial and tomography technologies
Although computerized tomography (CT) scanning is not commonly used for diagnosing patients suspected of having ON, it may have value in detecting the presence of, and describing the characteristics of subchondral fractures. Alternatively, a tomogram can be obtained if a CT scan is unavailable. In 1986, Mitchell et al. [43] described the appearance of ON of the femoral head on CT scan in comparison with MRI (n=21 hips). The authors found that CT scans more clearly depicted areas of bony changes than MRI. In contrast, MRI more accurately depicted alterations to the bone marrow commonly seen in ON.
Similarly, Yeh et al. [41] assessed the accuracy of MRI and CT in diagnosing subchondral fractures in patients who have ON (n=28 hips). All images were evaluated by a blinded musculoskeletal radiologist and a general radiologist, and substantial inter-observer variability was found in the staging of the disease (k=0.01 with value <0.2 considered poor) and identification of subchondral fractures with MRI. The authors concluded that although MRI is highly sensitive for the earliest stages of ON, sole reliance on it may lead to inaccurate staging in the later stages (Steinberg II to IV). Additionally, Stevens et al. [42] compared the ability of CT to MRI in diagnosing subchondral fractures (Steinberg III) . After a 12-month follow-up, they found very low sensitivity and specificity of MRI for the diagnosing of subchondral fractures when compared to CT (38 and 100 % versus 100 and 100 %, respectively). Therefore, the authors concluded that CT allows for good visualization of the cortical surface of bones, while MRI cannot image this area in such a detailed manner.
However, there have been inconsistencies in the diagnostic ability of CT scanning. Recently, Barille et al. [44• ] evaluated the incidence of missed ON in those with MRI-proven ON (n = 33 hips). They found that 89 % of all hips with osteonecrosis were not diagnosed on CT. They speculated that this may be because many radiologists were not implementing a routine visual checklist when examining the hip. Therefore, the authors concluded that if CT was to aid in the diagnosis of ON, it could only do so if a routine search pattern was implemented with each pelvic CT by the interpreting radiologist. In summary, although we do not recommend CT in the routine radiographic evaluation of ON, it can be helpful in patients who are suspected to have a subchondral fracture or when there is suspicion for head collapse that is not detected on MRI (Fig. 2) .
99-Technetium bone scan
Multiple attempts have been carried out to investigate if bone scanning has a role in early diagnosis. By injecting 99m Tcmethylene diphosphonate, osteoblastic activity and the presence of blood flow may be identified, thus, suspected areas of early stage (Steinberg I) osteonecrosis would display a reactive interface around the suspected lesions [23, 43, 45] . A case series of 5 patients published by Alavi et al. [46] first described the use of bone scanning in osteonecrosis, and the authors were able to identify areas of osteonecrosis 2 to 5 months before plain radiographs, leading them to believe that this could be a potential diagnostic tool for high-risk patients.
However, studies have determined that bone scanning may not be particularly effective in ON diagnosis. In 2008, Mont et al. [47] compared the sensitivity and specificity of MRI to bone scintigraphy when evaluating a group of patients who had suspected osteonecrotic lesions (n=163 lesions among 48 patients). All of the patients underwent simultaneous bone scans and MRI studies and had histological confirmation of the diagnosis. The authors found 100 % sensitivity for MRI studies compared to 56 % sensitivity for bone scans. Hence, they concluded that although bone scanning may be useful as a screening tool, it shows the least utility in the earliest stages of the disease. In summary, the utility of bone scanning in staging and diagnosing ON remains an area of investigation; however, routine bone scanning is not recommended [6, 47] .
New technologies Positron emission tomography
Recently, studies have investigated positron emission tomography (PET) for the diagnosis of ONFH; however, there is currently a paucity of reports to validate its routine use. Using 18 F as a radio-labeled marker, it accumulates in high glucose metabolizing cells, such as inflammatory cells that are present within osteonecrotic lesions [48] [49] [50] . In one of these studies, Dasa et al. [51] evaluated 17 hips with ON, in which all patients underwent PET scanning, SPECT, MRI with T1 and T2 imaging, and bone scanning. It was concluded that the PET scans identified 9 hips with areas of increased acetabular uptake suspicious for osteonecrosis that were not seen on MRI, SPECT, or bone scanning. The authors concluded that PET scans may have more diagnostic value in identifying early stage (Steinberg I) ON than other imaging modalities. Despite studies showing the benefits of PET scans, its use in the diagnosis of ON is not common practice due to its high cost and time-consuming nature [6] . Further studies are needed highlighting the advantages of PET scans in ON to justify the disadvantages of this imaging modality.
Conclusion
In conclusion, multiple imaging strategies are currently available for the appropriate diagnosis and staging of ON of the femoral head. Some of these modalities, such as plain radiographs and MRI, have a proven and well-defined role in the clinical assessment of this disease process. However, other imaging technologies require further investigation before obtaining a definitive role in diagnostic evaluation of patients.
When encountering a patient who is at high risk for ON, plain radiographs are a necessary first step in diagnosis. In addition, an MRI should be obtained if suspicion is high but radiographs are negative. However, in advanced stages of the disease involving a minimal subchondral fracture, CT scanning may be useful in accurately identifying the presence of subchondral collapse where MRI is often insufficient (Fig. 2) . We do not recommend the use of bone scans in radiographic evaluation, and PET scanning has yet to gain a clearly defined role in radiographic evaluation. Future research should focus on improving the diagnostic capabilities of current imaging technologies. Furthermore, as new technologies continue to develop, investigations should focus on how these technologies can be used as adjuncts to current technologies for evaluating ON.
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